Introduction {#sec1-1}
============

Stroke is one of the most important causes of death and the greatest cause of disability all over the world. Approximately 20-30% of the infarcts can be related to carotid artery stenosis.\[[@ref1][@ref2]\] The severity of stenosis is a standard parameter in the evaluation of risk, and it is one of the most important criteria that may influence the choice of treatment. However, it is possible that even a low-grade stenosis in the carotid arteries can lead to the development of cerebrovascular events. Hence, it may be important to look beyond the degree of stenosis and determine wall and plaque morphology. Patients with "vulnerable" plaques (plaque ulceration, composition, and neovascularization) are more prone to developing future neurovascular events. Neovascularization is an important factor contributing to vulnerability of atherosclerotic plaque. In this article, we aim to describe the techniques and imaging findings in the evaluation of carotid atherosclerotic plaques. We also discuss a few representative cases from our institute with the related clinical implications.

Current Role of Imaging in Evaluation of Carotid Atherosclerotic Plaques {#sec1-2}
========================================================================

The degree of stenosis has been associated with symptoms in various studies. This was traditionally measured on carotid angiography. Large randomized trials such as the North American Symptomatic Carotid Endarterectomy Trial (NASCET)\[[@ref3]\] and the European Carotid Surgery Trial \[ECST\]\[[@ref4]\] have shown the benefit of carotid endarterectomy (CEA) for recently symptomatic patients with severe (\>70%) stenosis. The role of CEA in asymptomatic individuals is also still much debated in light of the results of the Asymptomatic Carotid Atherosclerosis Study \[ACAS\]\[[@ref5]\] and the Asymptomatic Carotid Surgery Trial \[ACST\].\[[@ref6]\] Various interpretations of these studies have led to discrepant recommendations of optimal treatment strategies.

However, currently, the role of imaging in carotid atherosclerotic disease is mainly to determine the percentage of stenosis, whether by digital subtraction angiogram (DSA) or by noninvasive techniques like ultrasound/color Doppler, CT angiography (CTA) or MR angiography.\[[@ref7]\]

Why Evaluating Luminal Stenosis Alone is Insufficient? {#sec1-3}
======================================================

Measurement of only the luminal stenosis may give incomplete information about the plaque burden. The diseased adventitial boundary can compensate for a large carotid plaque by outward expansion of the vessel wall. Atheroma initially forms eccentrically with compensatory dilatation of the lumen such that there is no luminal stenosis. Once atheroma occupies roughly 40% of the area circumscribed by the internal elastic lamina (IEL), luminal encroachment begins. This phenomenon of vessel remodeling was first described by Glagov *et al*.\[[@ref8]\] In addition, luminograms give no information regarding the plaque "vulnerability."

"Vulnerable" plaques are atherosclerotic plaques that have a high likelihood to cause thrombotic complications such as myocardial infarction or stroke. Plaques that tend to progress rapidly are also considered to be vulnerable.\[[@ref9]\] The concept of "vulnerable plaque" was first introduced for coronary arteries\[[@ref10]\] and later expanded to the carotid circulation.

Pathology of Carotid Atherosclerosis {#sec1-4}
====================================

Atherosclerosis occurs near the branch ostia, bifurcations, and bends, suggesting that flow dynamics plays an important role in its induction.\[[@ref11]\] Atherosclerotic plaque tends to occur at regions where the flow velocity and shear stress are reduced.\[[@ref12]\] The flow properties of the carotid bifurcation contributes to the initiation of atherosclerotic plaque. This plaque passes through various stages of evolution.\[[@ref13][@ref14]\]

The early lesions consist of two distinct nonatherosclerotic intimal lesions, intimal thickening, and intimal xanthoma ("fatty streak"). The precursor lesion in most progressive lesions is pathologic intimal thickening, which is a transition between early lesions of atherosclerosis and the more advanced fibroatheroma. The fibrous cap (FC) atheroma is the first advanced lesion of atherosclerosis. It is composed of a lipid-rich necrotic core encapsulated by fibrous tissue. The origin and development of the necrotic core occurs by invasion of macrophages and their apoptosis. The FC atheroma may result in significant luminal narrowing and is prone to complications of surface disruption, thrombosis, and calcification. Fibrocalcific plaques are characterized by thick fibrous plaques overlying extensive accumulation of calcium in the intima close to the media or lumen.

This lesion may develop intraplaque hemorrhage from the disruption of the intraplaque vasa vasorum. A thin FC (less than 165 μm)\[[@ref15]\] may be prone to plaque rupture with erosion/ulceration which leads to thrombus formation with subsequent embolization and cerebral ischemic events.\[[@ref16]\] Infiltration of inflammatory cells to the surface of carotid plaques is a critical step in promoting plaque rupture and the resultant embolization or carotid occlusion.\[[@ref17]\]

The histologic hallmarks of vulnerable plaques include a larger lipid core (\>40% of total lesion area), a thinner FC, many inflammatory cells,\[[@ref18][@ref19]\] and neoangiogenesis.\[[@ref20]\]

T lymphocytes may be central to plaque instability. T cells can induce macrophages to secrete matrix metalloproteinases (MMPs) via stimulation of CD40 (causing weakening of the tensile strength of the plaque) and in addition, through production of interleukin-1, can promote smooth muscle cell apoptosis.\[[@ref21]\]

Vasa vasorum are physiological structures that provide nourishment to the vessel wall and play an important role in the pathogenesis of atherosclerosis. They are normally present in the adventitia. The work of Koester\[[@ref22]\] in 1876 and Winternitz\[[@ref23]\] in 1938 first implicated them in the pathophysiology of atherosclerosis. Various histopathologic studies have correlated plaque neovascularization and histological patterns, such as higher immature microvessel density, subsequent intraplaque hemorrhage, and FC rupture, with features of plaque vulnerability associated with clinically symptomatic disease.\[[@ref24][@ref25][@ref26][@ref27][@ref28]\] Thus, plaque characterization and neovascularization could be an important adjunct for stroke risk stratification in patients with carotid artery stenosis.

Techniques for Imaging Atherosclerotic Plaques {#sec1-5}
==============================================

Imaging methods have the potential to be used as a screening tool for the presence of atherosclerosis and the degree of stenosis.\[[@ref7]\] Imaging also helps to distinguish stable from vulnerable plaques and ultimately to distinguish patients with low versus those with high risk of cardiovascular complications.

The DSA represents the traditional and gold standard method for assessing the severity of luminal narrowing in the carotid artery.\[[@ref29]\] The luminal diameter along the length of the artery can be accurately measured in a two-dimensional plane.

However, DSA does not demonstrate plaque morphology, with the exception of luminal ulceration, and the degree of stenosis may not necessarily predict the vulnerability. It is labor, time, and material intensive. Only two-dimensional images are provided. In addition, it is not without risks.\[[@ref30]\]

Noninvasive methods commonly used in imaging patients with atherosclerosis include B-mode ultrasonography (US) and Doppler, intravascular US, conventional angiography, computed tomography (CT), and magnetic resonance imaging (MRI).

Carotid Ultrasound Examination {#sec1-6}
==============================

Ultrasound provides a fast, noninvasive technique to assess the carotid bifurcation. It can provide local diameter and wall thickness measurements as well as flow characteristics, including waveforms, gradient, and peak velocities. However, it is operator dependent and has limited field of view.

The calculation of internal carotid artery stenosis using duplex ultrasonography is based on standardized velocity criteria.\[[@ref31][@ref32][@ref33][@ref34]\] It is likely to remain the first-line imaging modality in this context. However, before performing carotid endarterectomy, a second imaging modality is used for confirming the percentage of stenosis.\[[@ref29]\]

Apart from the degree of stenosis, echogenicity on ultrasound has been shown to predict ipsilateral ischemic stroke; patients with echolucent plaques are at increased risk compared to those with echorich plaques\[[@ref35][@ref36]\] \[[Figure 1](#F1){ref-type="fig"}\]. However, hazard ratios for development of stroke that are associated with differing echogenicity scores are not sufficiently great to warrant translation into clinical practice. Furthermore, studies investigating the use of gray-scale median (GSM) in selection for carotid stenting have shown conflicting results.\[[@ref37][@ref38]\] The Imaging in Carotid Angioplasty and Risk of Stroke study\[[@ref37]\] revealed that high echolucency increases the risk of stroke. Subsequently, Reiter and colleagues\[[@ref38]\] showed no such relationship between plaque echolucency and stroke risk with carotid angioplasty and stenting (CAS).

![Evaluation of echogenicity of plaque on B mode USG: Hypoechoic plaque (arrow) (A) hyperechoic plaque (arrow) (B)](IJRI-23-26-g001){#F1}

Contrast-Enhanced Ultrasound {#sec1-7}
============================

Carotid contrast ultrasound imaging is an emerging technique for identifying plaque angiogenesis.\[[@ref39][@ref40]\] Increased enhancement on CEUS is associated with greater neovascularization at histology.\[[@ref41][@ref42][@ref43]\] Studies have confirmed the association of contrast enhancement on ultrasound with clinical symptoms. There is correlation between the degree of plaque enhancement with contrast agent microbubbles and clinical symptoms.\[[@ref44][@ref45]\] Coli *et al*.,\[[@ref41]\] have found that echolucent plaques have higher degree of contrast enhancement.

Ultrasound Contrast Medium {#sec1-8}
==========================

Microbubble-based contrast agents are injected intravenously to enhance ultrasound scans, and are composed of 1-10-mm-diameter albumin or lipid shells filled with air or high molecular weight gas.\[[@ref46]\] Modern ultrasonic methods of distinguishing microbubble from native tissue rely on the fact that ultrasound waves cause microbubbles to compress and expand, whereas the tissue is virtually incompressible. The resonance frequency for microbubbles is within the range of frequencies used for clinical ultrasound. Sound waves of very low energy, therefore, will return detectable signal from microbubbles, provided the transmitted wave is around the microbubble resonance frequency. Native tissue, however, will not respond to such low-energy waves\[[@ref47]\] \[[Figure 2](#F2){ref-type="fig"}\].

![Mechanism of action of contrast-enhanced ultrasound](IJRI-23-26-g002){#F2}

Technique of CEUS {#sec1-9}
=================

The contrast (e.g. Sonovue, Bracco, Milan) is reconstituted as per instructions given by the contrast agent vendor. A short (1.5 ml) bolus is injected into an antecubital vein (20-gauge Venflon), promptly followed by a 5-ml saline flush. Low mechanical index (0.4-1.4) technique in the contrast mode is used for CEUS. Linear array probe (7-15 MHz) is used.\[[@ref47]\]

Analysis of CEUS {#sec1-10}
================

Ultrasound contrast agent (UCA) microbubbles are visualized few seconds after the bolus injection as a hyperechoic dynamic flow in the vessel lumen, providing an enhanced visualization of the carotid intima--media complex and a better identification of the plaque surface and the degree of stenosis. Few seconds after the contrast agent detection in the carotid lumen, the dynamic distribution of the UCA inside the plaque, seen as moving microbubbles on real-time scan, allows the visualization of the plaque vascularization.\[[@ref41][@ref47]\]

MRI Plaque Imaging {#sec1-11}
==================

MRI has great potential to enable assessment of plaque burden/volume and characterization of atherosclerotic plaque composition and morphology,\[[@ref48][@ref49]\] and thus to help assess plaque vulnerability. MRI is well suited for plaque imaging because it is noninvasive, has excellent contrast resolution, does not involve ionizing radiation, enables visualization of the vessel lumen and wall, and can be repeated serially to track progression or regression. Multiple pulse sequences are recommended to fully characterize plaque morphology and composition.\[[@ref48][@ref50]\] Black blood sequences with double inversion recovery preparatory pulses cause suppression of the signal of flowing blood. These can be T1, T2, and PD weighted. Bright blood sequences include time of flight (TOF) sequences. Naghavi *et al*.,\[[@ref51]\] have given five major and five minor criteria of vulnerable plaques.

MRI can detect and also quantify all major carotid plaque components including fibrous tissue, calcium, and lipid, which can be identified using signal intensity variation from different weightings.\[[@ref50]\] Many studies have favorably compared findings on *in vivo* MRI with histopathology.\[[@ref49][@ref52][@ref53]\] The presence of intraplaque hemorrhage/intraluminal thrombus can also be studied.\[[@ref54][@ref55][@ref56][@ref57]\] The state of the FC can be described as being (a) intact and thick, (b) intact and thin, or (c) ruptured, based on TOF source images.\[[@ref58]\] The FC can also be seen on T2-weighted images and with short inversion time inversion recovery (STIR) sequences as a hyperintensity located between the dark lumen and the plaque.\[[@ref59]\] The presence of a thin or ruptured FC, as seen on MRI scans, was highly associated with recent transient ischemic attack (TIA) or stroke.\[[@ref60]\]

Wasserman *et al*.,\[[@ref61]\] showed that the wash-in kinetics of gadolinium into the FC and lipid core may be correlated with the degree of neovascularization. Other techniques for detecting plaque inflammation include the use of ultrasmall superparamagnetic iron oxide (USPIO) nanoparticles.\[[@ref62]\]

Patient Preparation {#sec1-12}
===================

MRI plaque imaging is performed as a separate study to maximize patient co-operation (not performed as a part of a brain or MR angiogram study). Prior to the MRI study, the carotid bifurcation on the affected side is marked using B-mode ultrasound. The patients are counseled regarding the importance of lying still and avoiding swallowing. Appropriate positioning is performed with a head holder and coils are positioned at the level of carotid bifurcation marking.

Hardware Considerations for MRI {#sec1-13}
===============================

For carotid imaging with a 1.5-T MRI scanner, echo-planar capabilities are advantageous because the gradient amplifiers and higher slew rates supported by these systems allow shorter echo times and echo spacing (in fast SE sequences). Imaging at higher field strengths (3 T) has increased signal-to-noise ratio that can be traded off for increased resolution or time reduction.\[[@ref63]\]

The carotid arteries are superficial structures whose length is greater than their distance from the surface. This configuration is well suited for the use of phased-array surface coils. A dedicated phased-array coil assembly \[[Figure 3](#F3){ref-type="fig"}\] with overall dimensions of 6.4 × 10.8 cm is used (carotid coils, Machnet, Eelde, the Netherlands; <http://www.machnet.nl/>) to increase the signal-to-noise ratio. The carotid bifurcation is used as an internal landmark to reproducibly prescribe slice locations for serial studies.

![Carotid surface coils](IJRI-23-26-g003){#F3}

Parameters used for the various sequences are given in [Table 1](#T1){ref-type="table"}.

###### 

Sequence parameters for MRI

![](IJRI-23-26-g004)

The signal intensity of the main plaque component is compared to the signal intensity of the ipsilateral sternocleidomastoid muscle for each image sequence. The various components of the plaques have been classified.\[[@ref55]\] This is detailed in [Table 2](#T2){ref-type="table"}. The scheme for evaluating MRI images is given in [Figure 4](#F4){ref-type="fig"}.

###### 

MRI characteristics of various plaque components

![](IJRI-23-26-g005)

![Scheme for evaluating MRI images](IJRI-23-26-g006){#F4}

CTA in the Evaluation of Carotid Arteries {#sec1-14}
=========================================

The use of CT in assessing carotid artery stenosis has increased steadily, especially with the development of multislice helical CT scanners that enable fast and accurate vessel imaging with minimal discomfort to the patient by peripheral intravenous injection of a contrast agent. High-resolution images of the luminal volume of arteries can be imaged from the aortic arch to the circle of Willis. The sensitivity and specificity of CTA for carotid artery stenosis are similar to those of DSA.\[[@ref64]\] Limitations of CTA include ionizing radiation doses and ballooning artifacts of heavy calcification.

Apart from studying the degree of luminal stenosis and plaque volume, CTA is also useful for evaluating the distal portions of extra- and intracranial vessels and cerebral parenchymal abnormalities. CTA source images also give information regarding the plaque composition and surface irregularities.\[[@ref65]\] A recent study demonstrated the feasibility of using dual-source CT compared with histopathologic specimens after CEA to evaluate carotid plaque composition.\[[@ref66]\] Plaque surface ulceration is well evaluated on CTA and is associated with symptoms.\[[@ref67][@ref68][@ref69]\]

In a recently published study, plaque relative lipid volume (using attenuation of \<60 HU) was associated with the presence of ulceration.\[[@ref70]\] There is a positive association between fatty plaque type and symptoms and between \>70% stenosis and symptoms and an inverse association between calcified plaques and symptoms.\[[@ref71]\]

Analysis of CTA {#sec1-15}
===============

Measurements to quantify the degree of stenosis are made by selection of a plane perpendicular to the lumen centerline using the NASCET criteria.

Ulcerations are classified as types 1-4 based on the location of the ulcer neck and ulcer orientation. Type 1 is an ulcer that points out perpendicular to the lumen, Type 2 has a narrow neck and points out proximally and distally, Type 3 has an ulcer neck proximally and points out distally, and Type 4 has an ulcer neck distally and points out proximally.\[[@ref72]\]

Based on the density, carotid plaques are classified into three different groups\[[@ref73]\]: Fatty (soft) plaques with a density value \< 50 HU, mixed (intermediate) plaque with a density value between 50 and 119 HU, and calcified plaque defined as a plaque with a density value \> 120 HU. Window level and window center are generally set at 700 HU and 200 HU, respectively, for optimum visualization of the vascular structures.

Representative case vignettes have been illustrated in Figures [5](#F5){ref-type="fig"}-[11](#F11){ref-type="fig"}.

![M/71 years with left middle cerebral artery (MCA) stroke. Left internal carotid artery (ICA) 80% stenosis. On CEUS, moving microbubbles are seen on the shoulder of the plaque (black arrows) (A, B) On MRI plaque imaging, it appears isointense on PD (C) hypointense on T2-weighted imaging (T2WI) with small hyperintense component (D) and hyperintense on T1-weighted imaging (T1WI) (E) and TOF s/o fibro-fatty plaque with a small hemorrhagic component (F) Surface ulceration is noted suggestive of plaque vulnerability](IJRI-23-26-g007){#F5}

![(A-E) On MRI plaque imaging, plaque appears isointense on PD and hypointense to isointense on T2WI. It is mildly hyperintense on T1WI and isointense on TOF images s/o fibro-fatty plaque. Surface ulceration is present. On MRI, plaque appears isointense on PD (H) hypointense on T2WI (F) mildly hyperintense on T1WI (G) and isointense on TOF (I) suggestive of fibro-fatty plaque. Fibrous cap is seen, but it is discontinuous at places suggestive of surface ulceration. Ultrasound and MRI findings are suggestive of plaque vulnerability. M/67 years with left MCA and MCA-anterior cerebral artery (ACA) watershed territory stroke on diffusion-weighted imaging of the brain (I, J) On CTA, left ICA 80% stenosis. Plaque has attenuation of 37.6 HU (K) Type III ulceration is present (dotted white arrows) (L) On CEUS, plaque neovascularization is seen with surface irregularity (M)](IJRI-23-26-g008){#F6}

![M/80 years with four episodes of left MCA TIAs. Color Doppler ultrasound shows left ICA 80% stenosis with peak systolic velocity of 204 cm/s (A). No neovascularization is seen on CEUS (B). On CTA, plaque is hypoattenuating and surface shows a single Type III ulceration (C). On MRI, plaque appeared isointense on PD (D), hypointense on T2WI (E), mildly hyperintense on T1WI (F), and isointense on TOF (G), suggestive of lipid core. Fibrous cap was well visualized](IJRI-23-26-g009){#F7}

![M/72 years with left hemiparesis. Right ICA 50% stenosis, left ICA 70% stenosis on CTA (A, B) Peak systolic velocity of 85.6 cm/s on the right side (C) CEUS shows moving microbubbles in the plaque (images at different time frames D-G). These features are suggestive of plaque neovascularization and vulnerability](IJRI-23-26-g010){#F8}

![M/75 years with left carotid plaque. CT shows left ACA-MCA and MCA-posterior carotid artery (PCA) watershed territory infarcts (A) On CTA source images, the attenuation is 31 HU. Peripheral calcification is present (B) On reconstructed volume-rendered images, there is 80% stenosis (C) On MRI, plaque is hyperintense on all pulse sequences, suggestive of recent hemorrhage (D-G) Surface ulceration is present (arrow in TOF; G) suggestive of plaque vulnerability](IJRI-23-26-g011){#F9}

![Attenuation of plaques on CTA source images: Hypoattenuating 4.8 HU (A) hyperattenuating 66.1 HU (B)](IJRI-23-26-g012){#F10}

![Ulcerated plaque on CTA. A 72-year-old lady with right MCA infarct (A) Sequential CTA images (B -- F) show two ulcerations in right carotid bifurcation plaque, Type 3 proximally (arrow in D) and Type 1 distally (arrow in F)](IJRI-23-26-g013){#F11}

Other techniques for detecting plaque inflammation include thermography (measurement of plaque temperature), contrast-enhanced (CE) MRI, fluorodeoxyglucose positron emission tomography, and immunoscintigraphy.\[[@ref51]\]

Conclusions {#sec1-16}
===========

Different modalities of imaging provide supplementary information for the characterization of carotid plaques. The echogenicity of plaques on B mode ultrasound is the basic technique for characterizing plaques. CEUS, apart from better characterization of the stenosis and surface characteristics, can also depict the plaque neovascularization. Because CEUS agents are safe and commercially available, they can be used in the clinical setting to help in risk stratification of carotid atherosclerotic disease. CTA is a noninvasive technique for evaluation of luminal stenosis, and unlike ultrasound, it is not operator dependent. It can also provide information about the composition of plaque based on attenuation and also the surface ulceration. It is the "gold standard" for detecting calcification of plaques. Plaque composition, and thus vulnerability, can also be studied by MRI. Together, all these techniques provide complete information about the plaque characteristics and may be considered in planning further management of patients with carotid atherosclerotic plaques.
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